INTRODUCTION

28
Denatonium benzoate (DB), benzyl-diethyl (2:6-xylylcarbamoyl methyl) ammonium benzoate, 29 is a strong bitter tastant added to household products to prevent ingestion of potentially 30 harmful substances through taste aversion (1, 2) . Concentrations as low as 10 ppb are already 31 detectable, at 50 ppb the taste is distinguishably bitter and at 10 ppm it is described as 32 unpleasantly bitter. In the US, DB is added at a concentration of 6 ppm to denature alcohol 33 (3) . Specialized G-protein coupled receptors (GPCRs) from the taste 2 receptor (TAS2R) family 34 are involved in the perception of bitter compounds (4) . Until now, 25 TAS2Rs have been 35 identified in humans (5) . Based on the sensitivity towards 6-n-propylthiouracil (PROP), three 36 categories of bitter sensitivity have been identified: non-tasters, medium-tasters and super-37 tasters (6, 7) . It has been reported that more women than men are classified as super-tasters 38 (6, 8) . 39 Besides its extreme bitter taste, DB also has effects on gastrointestinal functions. Direct 40 intraluminal administration of DB in mice has shown to inhibit ongoing ingestive behavior, to 41 suppress food intake and to inhibit gastric emptying (9, 10) . Moreover, DB stimulated the in 42 vitro release of glucagon-like peptide 1 (GLP-1) and cholecystokinin (CCK), which are known 43 to increase satiety and satiation respectively (11, 12) . Intragastric administration of DB in 44 humans has been shown to impair relaxation of the proximal stomach after infusion of a liquid 45 meal and to increase satiation during an oral nutrient tolerance test (13) . 46 During the fasting state, the gastrointestinal tract (GIT) exhibits a specific contractility pattern 47 known as the migrating motor complex (MMC), which can be divided into three phases 17). During phase I, no contractions are present in the upper GIT; activity increases during 49 phase II to reach a burst of maximum contractility during phase III, which can originate from 50 5 the stomach or the small intestine (14, 15) . Exogenous administration of motilin or ghrelin 51 triggers a premature gastric phase III in healthy volunteers (17, 18) . Endogenous motilin 52 plasma levels, but not ghrelin, fluctuate in synchrony with antral contractility of the MMC, to 53 reach a peak just before the occurrence of a gastric phase III (16, 17, 19) . We recently showed 54 that motilin-induced gastric phase III contractions of the MMC signal hunger in healthy 55 volunteers and that motilin plasma levels were closely associated with interdigestive hunger 56 ratings (20, 21) . In 1916, Carlson (22) reported an inhibitory effect of intragastrically 57 administered bitter compounds on both fasting gastric contractility and hunger sensations, 58 but the underlying mechanism was not elucidated. 59 A first objective of the current study was to evaluate gender differences in the bitter taste 60 sensation of orally administered DB in healthy volunteers. Secondly the effect of intragastric 61 administration of DB on hunger ratings and gastrointestinal activity was evaluated. The third 62 aim was to evaluate the role of gastrointestinal hormones in the DB-induced effects. As fourth 63 and fifth objectives, we evaluated if DB was able to attenuate the return of hunger after a 64 standardized meal and to decrease caloric intake respectively. 
MATERIAL AND METHODS
66
This study was approved by the Medical Ethics Committee of the Leuven University Hospital, 67 Leuven, Belgium, and performed in full accordance with the Declaration of Helsinki.
68
Study design 69 The current study consisted of 5 independent protocols studying the following parameters: provided 80% power to detect significant differences of 15% with an alfpha of 0.05 (13, 23, 92 24). Based on the results obtained from the lingual (study 1) and gastrointestinal (study 2) 93 bitter sensitivity studies it was decided to only include female participants for the last 3 study 94 protocols. A flow chart of the subject distribution can be found in the online supplemental 95 material (Supplemental Figure 1) . None of the volunteers dropped out. Volunteers that 96 participated in multiple protocols were randomly selected. All subjects were studied after an 97 overnight fast of 12 hours and were asked to refrain from smoking at least 1 hour before the 98 start of the study except for the first study protocol where smoking was not allowed before 99 the start of the study. were determined by radioimmunoassay as fully described elsewhere (10, 19).
167
Statistical analysis
168
Significance was set at p<0.05. BMI and age were compared between sexes using two-tailed The effect of hormone plasma levels on MI antrum was assessed using mixed model analysis and DB administration using a one-tailed paired Student's t-test. 
RESULTS
213
Women are more sensitive to DB lingual stimulation than men 214 BMI (p=0.02), but not age (p=0.9), differed between the two sexes ( Table 1) 
244
The change in antral motility was affected by the change in motilin plasma levels (p=0.0003), 245 as well as by DB administration (p=0.02) ( Table 2) . Furthermore, a significant interaction effect 246 between these two factors was found (p=0.01). This interaction effect depicts a significant 247 difference in the slope of the regression curves between placebo and DB. This positive 248 assiciation between antral motility and motilin plasma levels was reduced after DB 249 administration compared to placebo ( Table 3) . A similar result was obtained for the effect of 250 motilin plasma level changes on changes in hunger ratings ( Table 4) . There was a significant 251 main effect of motilin (p=0.0002), DB administration (p=0.02) and a significant interaction 252 effect between the two (p=0.02). The slope of the regression curve between hunger changes 253 and motilin changes differed between placebo and DB ( Table 3) . 254 Changes in antral motility were not associated with changes in total (p=0.9) or octanoylated 255 ghrelin (p=0.9) ( Table 2) . Changes in total ghrelin plasma levels showed a trend (p=0.06) to be 256 15 associated with changes in hunger ratings. There was no associaton between changes in 257 octanoylated ghrelin (p=0.9) plasma levels and changes in hunger ratings ( Table 4) . 258 
Intragastric administration of DB suppresses hunger and increases satiety ratings after a meal
259
DB administration before the standard meal was associated with prolonged elevated satiety 260 scores and delayed return of hunger after the meal (Figure 5 ). Hunger scores ( Figure 5A 
DISCUSSION
272
Our study showed that DB inhibited phase III contractions with gastric origin, with an 273 increased occurrence of phase III starting in the duodenum. In keeping with a role for gastric 274 phase III in determining interdigestive hunger, this switch was accompanied by a decrease in 275 hunger scores (20) . Similar to our findings in the lingual system, the response to DB was sex-276 dependent, being more pronounced in women than in men. The increase in motilin plasma 277 levels was significantly inhibited after DB administration compared to placebo, but ghrelin The most characteristic property of DB is its extreme bitter taste (2) . DB is known to interact 285 with 8 of the bitter taste receptors in man (TAS2R4, TAS2R8, TAS2R10, TAS2R13, TAS2R39,   286 TAS2R43, TAS2R46, TAS2R47) (31, 32) . Our finding that women perceive a bitter lingual 287 stimulus more intensely than men is in agreement with previous bitter sensitivity studies (6, 288 8). This sex difference has been associated with the density of fungiform papillae on the 289 anterior tongue and with polymorphisms in the haplotypes of the TAS2R38 gene for PROP 290 sensitivity (6, 7, 33, 34) . 291 In addition we found that in women, but not in men, there was a switch in the origin of phase (22) . A dose of 1 µmol/kg DB was chosen since this dosage 296 significantly inhibited gastric accommodation without inducing adverse events (13) . Also in 297 the present study no adverse events were reported by the volunteers. Two chronic toxicity 298 studies showed no significant changes in general behavior and appearance, ophthalmoscopy, 299 electrocardiograms, body weight, hematological and biochemical studies or urinalysis (35-37).
300
There is only one published case report of adverse reactions due to an allergic reaction after 301 exposure to DB (38) . Oral administration of 10 ppm DB to children aged 17-36 months induced 302 a strong taste aversion, but no other effects were noted (1).
303
It needs to be mentioned that the increase in hunger during phase III was weaker in male in 304 comparison to female participants during placebo administration in the current study. One 305 factor contributing to this difference in hunger changes could be the lower occurrence of 306 gastric phase III contractions in male participants during the present study. Previous studies 307 did not report a difference in association of phase III contractions and hunger ratings between 308 men and women (20) , but this aspect needs to be studied in more detail and in larger numbers 309 in future research. 310 Our study showed that only motilin plasma levels were decreased after administration of DB.
311
A significant positive association was observed between antral motility and plasma motilin, 312 but not ghrelin levels. This confirms our previous finding that motilin but not ghrelin is the key 313 regulator of the MMC in man (19). After administration of DB, this association between motilin 314 plasma levels and antral motility was reduced, but also the positive relationship between 315 motilin plasma levels and hunger scores, confirming our recently published observation that 316 motilin signals hunger (20) . 317 It has already been described that taste receptors are expressed on enteroendocrine cells, 318 allowing them to modulate the release of several gastrointestinal hormones (11, 12, (39) (40) (41) . 319 In mice, intragastric administration of DB (10 mM) significantly increased both total and 320 octanoylated ghrelin levels during the first 30 min after gavage (10). Our results in humans 321 differ as we showed no effect of intragastric DB on ghrelin plasma levels. Comparing the two 322 studies is difficult due to species and sex differences and also differences in the dosage. The Furthermore, bitter compounds induced concentration and region-dependent contractility 329 changes in mouse intestinal muscle strips (13) . 330 However, the current study does not rule out that the findings related to the administration 331 of DB are mediated via a different pathway. Rogachevskaja et. al. (42) have shown that DB also 332 binds to the extracellular Ca 2+ -sensing receptor (CASR). Moreover, this receptor is also 333 expressed in the GIT and has been linked to acid secretion and nutrient sensing (43) . Further 334 studies are necessary to elucidate via which pathway DB exerts its effects. 335 Finally, our study also showed that intragastric administration of DB delayed the return of 336 hunger and prolonged the satiety feeling after a meal without affecting gastric emptying. 337 Intragastric administration of DB in mice was able to delay gastric emptying, but the dosage 338 used was 60 times higher (13) . We already reported an effect of DB on satiation during an oral 339 nutrient challenge test and on gastric accommodation in healthy volunteers (13) . The effect 340 19 of DB on both hunger and satiety could be due to a combined effect on the release of both 341 hunger and satiety hormones. In the present study, we have shown that motilin release is 342 diminished after DB administration which affects hunger scores. Another study performed by 343 Kim et. al. (11) showed that administration of DB in mice increased the secretion of GLP-1, a 344 gastrointestinal hormone known to decrease food intake. Moreover it has been reported that Figure 1 . Schematic overview of the protocol outline. All protocols were single-blinded randomized placebo-controlled trials. Either placebo (water) or DB (1 µmol/kg bodyweight) were administered intragastrically using a nasogastric feeding tube.
Antroduodenal motility was measured continuously during the course of both study 2 and 3 with high-resolution manometry. Hunger and satiety ratings were scored on 10cm visual analog scales with endpoints. Blood samples were collected via an i.v.
catheter and analyzed using hormone-specific RIAs to measure motilin and ghrelin (total and octanoylated) plasma levels. Pancakes were labeled with sodium 13 Coctanoate to assess gastric half-emptying time. intake between placebo and DB administration was compared using a one-tailed paired Student's t-test (p=0.08).
